The three essential pillars of magnetic data storage devices are readability, writeability, and stability. However, these requirements compete as magnetic domain sizes reach the fundamental limit of single atoms [1] [2] [3] [4] [5] and molecules [6] [7] [8] [9] . The proven magnetic bistability of individual holmium atoms on magnesium oxide [1,2,10] appeared to operate within this magnetic trilemma, sacrificing writeability for unprecedented stability [10] . Using the magnetic stray field created by the tip of a spin-polarized scanning tunneling microscope (SP-STM), we controllably move the Ho state into the quantum regime, allowing us to write its state via the quantum tunneling of magnetization (QTM) [11] . We find that the hyperfine interaction causes both the excellent magnetic bistability, even at zero applied magnetic field, and the avoided level crossings which we use to control the magnetic state via QTM [12] . We explore how to use such a system to realize a high-fidelity single atom NOT gate (inverter). Our approach reveals the prospect of combining the best traits of the classical and quantum worlds for next generation data storage.
Big data has shown early promise towards solving diverse problems ranging from medicine and basic science to alternative energy and transportation [13, 14] . When coupled with modern machine learning algorithms, otherwise intractable problems are solved while minimizing energy consumption and human labor [13] . This approach, however, demands high-fidelity and high density data storage devices [14] . The traditional model of scaling down classical memory components by reducing magnetic domain sizes faces roadblocks due to writeability limitations [15] . It was recently proven that this trend to smaller bit sizes could be continued to the fundamental limit of individual molecules [6] [7] [8] [9] , atomic clusters [3, 4] and single atoms [1, 2, 5, 16] . However, this continuation comes at a cost: the magnetic trilemma that creates competition between requirements for reading, writing, and retaining data appeared insurmountable in atomic scale systems [15] . This is owed to the large magnetic anisotropy energy (MAE) barrier [17] that protects bits against thermal state reversal. Through the clever consideration of symmetry arguments [18, 19] , single atomic and molecular systems with large MAEs and suppressed quantum tunneling of magnetization (QTM) have been discovered [1, [8] [9] [10] 12, 16] . Unfortunately, the magnetic switching field required to write bits doubles with every factor of two reduction in bit size. Indeed, the coercive field of Ho single atom magnets exceeds 8 T [10] far beyond technically accessible field magnitudes of common hard disc drive (HDD) write heads. Roadmaps for future HDD technologies propose thermally [20] and microwave [21] assisted magnetic recording that briefly lower the coercive field. However, these approaches are limited to domain densities smaller than 20 Terabit/in 2 [15] far from the already demonstrated 115 Terabit/in 2 density of arrays of single atom magnets [16] . We therefore introduce a different paradigm combining the stability of large MAEs with the utility of controlled QTM for data control, demonstrating the feasibility of practical data storage at the fundamental limit.
We show our approach on the stable single atom magnet holmium on magnesium oxide [1, 2, 10, 22] . In this study, we first demonstrate the excellent magnetic bistability of These measurements have been repeated numerous times to support the observation of excellent stability of the Ho state below the switching threshold. Unlike previous reports [2, 10] , however, our measurements are carried out without an applied external magnetic field, relying on the intrinsic SP of an antiferromagnetic STM tip [22] .
Although our measurements suggest magnetic bistability at zero field, the tip may still produce a small, nonzero magnetic stray field, B0, [24, 25] , and it is unclear from these initial measurements whether the tip field is responsible for the system's stability.
To more rigorously test for zero-field stability, we employ a measurement protocol that reduces the tip-stray field to effectively zero during the 'evolve' phase and allows us to read the state of the Ho atom after evolution under tunneling conditions (with the stray field of the tip possibly stabilizing the magnetic state). As above, we first identify the Ho state in the 'read' phase. We then retract our tip sufficiently far that the tip stray field experienced by the Ho atom is vanishingly small (less than the earth's magnetic field), allowing the Ho atom to evolve in the absence of a magnetic field. We then place the tip back onto the Ho atom to check its state again. This initial experiment proves the excellent magnetic bistability of Ho atoms at zero field.
However, we do observe a statistically significant occurrence of state reversals, which must have a different origin.
To investigate whether our magnetic field sweeps, carried out by moving the tip from tunneling distances to full retraction, ∆Z, induce the observed state reversals, we modify the experiment sketched in Figure 2a . This time, we repeatedly retract and approach the tip in the 'evolve' phase before reading the state (dotted blue trace in Figure   2a upper, V1<Vt), instead of merely holding the tip far away from the Ho atom. This is equivalent to several magnetic field sweeps from B=B0 to B=0 and back, since the tip exposes the Ho atom to some finite stray field, B0, at tunneling conditions. We plot the occurrence of switches in Figure 2d . Earlier models constrained the magnetic ground state of Ho on MgO [1, 10] to two possible out-of-plane projections of the total angular momentum, namely Jz=8 and Jz=7 [10] , but it remained unclear whether the magnetic bistability originated from crystal field symmetry or an applied magnetic field. These models also neglected the hyperfine interaction, which we now explore using the EasySpin toolbox [26] . We compare the behavior of these two suggested ground state models to our observations, including the hyperfine interaction for a nuclear spin of I = 7/2 (100% natural abundance). We use the hyperfine coupling constant (A ≈ 900 MHz) previously measured for similar systems [12, 27] and the reported Steven's parameters of Ref [10] . Figure 3(a,d) show the resulting extended Zeeman diagrams for the two possible Jz=8 and Jz=7 models. The insets in panels (a,d) describe the zero-field level diagrams with the respective lowest energy electronic ground states indicated by larger dots [10] . When we include the nuclear spin of Ho, the total spin states are each split into (2I+1)=8 non-degenerate states.
At zero field, states with opposite nuclear and total electron spin meet, resulting in 8 zero field level crossings. Figure 3b (solid orange) shows a representative zero field crossing for the Jz=8 model. The hyperfine interaction leads to a real level crossing at zero field (solid orange in Figure 3b ), while its absence would have resulted in an avoided level crossing and substantial state mixing (dashed red in Figure 3b) , as was suggested previously [10] . Figure 3e shows the same real zero-field crossing for the Jz=7 model.
We observe similar characteristics for all zero-field crossings, preliminarily explaining the observed magnetic bistability. However, since this bistability would occur for both total spin models, we investigate below how to ultimately identify the electronic ground state.
When examining the Jz=8 model, we notice several avoided level crossings at nonzero field values. Figure 3c shows one such avoided level crossing (B1) at which the electronic states exhibit significant mixing and a tunnel splitting, Δ, of 0.1 µeV. We observe 8 such crossings, all with a similar splitting (indicated by red circles in Figure   3a ). The Jz=7 model, on the other hand, is devoid of any avoided level crossings. We show a representative real crossing for the JZ=7 model in Figure 3f for reference.
Sweeping the magnetic field through an avoided level crossing results in a nonzero probability of magnetic state reversal [11] . During a magnetic field sweep, a Ho state in the Jz=7 case would never encounter an avoided level crossing. But we do observe an increased occurrence of magnetization reversals when we repeatedly sweep our magnetic field (retract/approach tip). Therefore, we conclude that the Ho ground state must be
Jz=8.
To confirm the existence of avoided level crossings and to demonstrate their potential utility, we repeat the experiment described in Figure 2a . This time, we retract and approach the tip such that the stray field varies linearly in time (dB/dt = constant) using an extremely fast (~10 3 / ) magnetic field sweep rate when moving the tip in one direction (retracting or approaching the tip) and a much smaller (~ 5 × 10 −3 / ) sweep rate when moving the tip in the opposite direction. If state reversal was caused by QTM at an avoided level crossing, this protocol should result in a magnetic state inversion, as the probability of magnetic state reversal according to Landau-Zener [28] is proportional to = 1 − exp (− αΔ 2 ⁄ ), where α is some constant. This means that sweeping adiabatically will flip the state (total spin) and sweeping quickly will retain the state.
Performing a fast and slow sweep consecutively should result in a net reversal. Table 1 shows the incidence of observed magnetic state reversal for these protocols. [1, 2, 29] . The fast magnetic field sweep rates used here are easily accessed by conventional HDD write heads [30] . We anticipate the adoption of using large MAE systems for data conservation and QTM for data manipulation to facilitate single molecule and atom magnetic data storage at ultimate data densities. Avoided level crossings furthermore represent an ideal toy system for exploring conventional and quantum logic, which we touch on in this STM study. The former would realize the fundamental size limit of a logic gate, and the latter would provide invaluable insight in developing more robust qubits. State reversal analysis. We correct for unseen switching events that arise from limited preamplifier bandwidth in Figure 2c . We assume a Markovian probability of state reversal and calculate the expectation value of state reversal during the time that falls outside of the temporal resolution of our experiment using the measured residence times of the Up and Down states. We subtract these reversals from the total measured state reversals. Error bars represent confidence intervals of one standard deviation calculated using the Agresti-Coull method for binomial processes.
Methods

Spin Hamiltonian Calculations.
To construct the extended Zeeman diagrams and total spin level diagrams for the two total spin models, we employ the MATLAB toolbox EasySpin V5.2.23 [26] to implement the spin Hamiltonian, = + + , where for the linear field sweep protocol described in the main text with the first column denoting the observed magnetic state before and after the retract/approach protocol and the first row describing the speeds at which the tip was retracted and then approached. 
